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chain. These proteins are membrane-bound multi-subunit redox-driven
proton pumps, which couple the reduction of molecular dioxygen to
water with the creation of a transmembrane electrochemical proton
gradient. Over the last 20 years, most of the CCOX research focused on
the mechanisms and energetics of reduction and/or proton pumping
and little emphasis has been given to the pathways used by dioxygen to
reach the binuclear site. The main objective of this work is to identify
possible alternative dioxygen pathways in the reduced CCOX from
Rhodobacter sphaeroides [1] using extensive Molecular Dynamics (MD)
simulations. Our simulations allowed the identiﬁcation of three pos-
sible dioxygen channels, all starting in the membrane hydrophobic
region and connecting the surface of the protein to the BNC. One of
these channels corresponds to the pathway inferred from the X-ray
data available [2], whereas the other two are alternative routes for O2 to
reach the BNC. Both alternative channels start in the membrane
spanning region and terminate close to Y288I (which is covalently
linked to the H284I imidazole group).
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Bacterial nitric oxide reductases (NORs) are members of the
heme–copper oxidase (HCO) superfamily and are evolutionarily
related to the oxygen-reducing cytochrome oxidases. The ﬁrst crystal
structure of the cytochrome c-dependent NOR (cNOR) [1], supported
by the molecular dynamics simulations [2] and mutagenesis stud-
ies [3–4] suggested that protons for NO reduction are supplied
from the periplasm. Somewhat surprisingly, a structure of the
quinol-dependent NOR (qNOR) [5] showed a water channel from
the cytoplasm that functions as a pathway for proton delivery to the
active site. Interestingly, the water channel is positioned equivalently
to the K-pathway in oxidases. We will present preliminary results of
a study that aims to construct the water channel (and possibly a new
functional proton pathway) in the corresponding region in cNOR.
The molecular dynamics simulations performed for several cNOR
mutants showed remarkable formation of a new water channel,
within 5–50 ns of simulation time. The project could shed light on
development of proton pathways in the HCO superfamily.
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More than 15 years ago, the second mechanism of mitochondrial
respiratory control was proposed based on the allosteric inhibition of
cytochrome c oxidase (CytOx) activity by ATP. This was proposed to
be physiologically most important regulation of this enzyme, and
also of mitochondrial respiration. It was ‘suggested’ that this mecha-
nism keeps the mitochondrial ROS concentrations under low healthy
values [1] by regulating the mitochondrial respiration and mem-
brane potential [2].
Previously, it was difﬁcult to show the correlation between
‘kinetics’ of CytOx activity and mitochondrial membrane potential
together with ROS production since methodological variations during
kinetics measurements of CytOx activity are altered especially by the
presence of a detergent. Here, in this study we ﬁrst tried to optimize
the conditions for measuring the CytOx kinetics in intact rat heart
mitochondria (without detergent). This was an absolutely essential
step to see the change in mitochondrial membrane potential and ROS
concentrations under the measuring conditions of CytOx kinetics. Rat
heart mitochondria were isolated by standard procedure of isolation.
Protein estimation was performed by BCA method. In kinetics studies,
oxygen consumption by CytOx in intact mitochondria was measured
polarographically. Changes in mitochondrial membrane potential
and ROS concentrations were detected by DIOC6(3) and MitoSOX,
respectively in ﬂuorescence-based assays. For the ﬁrst time, a direct
correlation of CytOx kinetics studies to the concentrations of ROS in
intact mitochondria is shown. We found a sharp decrease in the ROS
concentrations when the activity of CytOx is measured in the presence
of ATP and regenerating system (phosphoenolpyruvate + pyruvate
kinase). Moreover, in the presence of allosteric ATP inhibition of
CytOx, lowest concentrations of ROSweremeasured in intact rat heart
mitochondria.
ATP dependent inhibition of CytOx activity is crucial for mitochon-
drial bioenergetics as it maintains the redox balance by keeping the
ROS concentrations at low values.
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The pumping mechanism of cytochrome aa3 oxidase (CytOx) is
still poorly understood and more information is needed on the elec-
tron and proton structures of the catalytic intermediates. The hemes
are known to titrate according to a simple anticooperativity model
with midpoint potentials that are weakly pH dependent. Previously,
we have shown that heme a has two spectral components in the α-
band with peaks at 605 nm and 602 nm [1]. Redox titrations per-
formed in the genuine environment of living cell showed that the
602 nmand 605 nm components titrated as heme awhen it had a high
and low potential, respectively, and we proposed that the 602 nm
spectrum was formed when the pump loading site (PLS) site was
protonated. However, a weakness of this work was the complex en-
vironment of the living cell. Here we perform redox titrations in the
isolated bovine enzyme using precise multiwavelength spectroscopy
with full spectral ﬁtting to follow the hemes in both the Soret- and α-
bands. Both hemes titrated with midpoint potentials of 340 mV and
230 mV at pH 7.0, in excellent agreement with previous work [2]. The
α-band of heme a ﬁrst appeared at 604 nm, shifted to 603 nm when
half-reduced and then to 605 nm when fully reduced, clearly indica-
tive of more than one spectral component. The 602 nm component
titrated with the same proﬁle as the occupancy of heme a when it
has a high midpoint potential. However, at pH 6.0 the magnitude is
only half the occupancy predicted by a simple anticooperativity
model consistent with the presence of a second 1-electron state in
which heme a has a similar midpoint potential but absorption band
at 605 nm. The relative magnitude of the 602 nm feature increases
with pH until it dominates at pH 9.0 suggesting that the 605 nm form
of high potential heme a involves proton uptake. We propose that
the absorption band of heme a shifts to 602 nm when the PLS is
protonated but Glu242, which sits just below the hemes and is the
proton donor to the PLS, is unprotonated. The additional information
that the spectral decomposition affords has the potential to provide far
more detail on the electron and proton structure of CytOx.
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Isolated cytochrome c oxidase (CcO) from bovine heart catalyzes
reduction of Nitro Blue Tetrazolium (NBT) orWater Soluble Tetrazolium-
l (WST-1) to colored monoformazans in the presence of excess H2O2.
The reduction is inhibited by superoxide dismutase and can be
assigned to generation of superoxide radicals (HO2*) by CcO [1–3]. The
SOD-sensitive reduction of NBT or WST-1 is inhibited by KCN and
KSCN indicating that the process is associated with the heme a3/CuB
binuclear center (BNC). The reaction runs for hundreds of turnovers of
CcO and is likely to be a true catalytic activity. The reaction is associated
with consumption of H2O2 and release of O2 and can be explained
by cyclic process including 3 steps: (1) Ox+ H2O2 ∗ FI607 + H2O;
(2) FI607 + H2O2 ∗ FII580 + HO2*; as to step 3, two mechanisms have
been considered in the literature: (3a) FII580+ HO2* ∗ Ox+ O2, or (3b)
FII580 + H2O2 ∗ Ox+ HO2* where Ox, FI607 and FII580 denote the
resting oxidized Compound I and Compound II states of CcO, respec-
tively. At low concentrations of H2O2 reaction 3a can prevail, whereas
at high concentrations of H2O2, reaction 3b may become more
important. The HO2* radicals formed convert ﬁnally to O2 through either
dismutation or reduction of FII580 to Ox (step 3a). So the net process
corresponds to catalase reaction: 2 H2O2 = O2 + 2H2O. However, the
reduction of CcO Compound I to Ox by H2O2 occurs in two single-
electron steps, rather than in a single two-electron step as is typical of
catalase. Hence the process is denoted as pseudo-catalase cycle [1, 2].
While the pseudo-catalase activity of CcO is associated with the func-
tion of BNC, it is found to be strongly inhibited by Ca2+ ions, although
the calcium-binding site is rather distant from the BNC. The ﬁndingmay
point out to structural communication between the Cation Binding Site
and the BNC.
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Bovine cytochrome c oxidase (CcO) pumps four protons in each
catalytic cycle through H-pathway including a hydrogen-bond net-
work and a water channel in tandem. Protons, transferred through the
water-channel from the negative side of mitochondrial inner mem-
brane into the hydrogen-bond network, are pumped to the positive
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